Pressurized circulating fluidized bed technology is a potentially promising development for clean coal technologies. The current work explores the hydrodynamics of a small
Introduction
Currently, 40% of the world's electricity is generated by coal-fired power plants which consequently are a major contributor to climate change due to GHG emissions, mainly CO 2 [1] . Further research on development of clean coal technology and carbon capture and storage technology is required to reduce emissions from heavy industry and power plants. Circulating fluidized bed (CFB) technologies, have been developed commercially over the past 50 years, and are utilized in clean coal technologies to produce electricity [2] . However, the technology is still evolving and it is possible to increase the energy efficiency of the CFB power plants. The CFB technology has a number of advantages over pulverized -------------- coal boilers such as the ability to utilize low-rank coals, and provide a wider turndown capacity [3] [4] [5] . Nowak [5] have outlined the advantages of CFB technologies built in Poland between 1996 and 2003. Recently, CanmetENERGY [6, 7] has developed various oxy-fuel CFB reactors with capacity range of 0.1 to 0.8 MW. Moreover, Foster Wheeler AG has commissioned and successfully tested a 30 MW oxy-fired CFB pilot-scale plant in Spain [8] . Most experimental research focuses on atmospheric CFB technologies. However, CFB technology at elevated operating pressure could prove to be an additional option to use in conjunction with clean coal technology. It was reported that overall combustion efficiency increases at elevated pressure, due to higher char burn-out rate and higher heat transfer [9] [10] [11] . Furthermore, building pressurized fluidized bed systems requires less space because of their compactness [9] . Taking into account the size advantages of pressurized fluidized beds over atmospheric fluidized beds, more research on new design configurations, such as the novel design tested by Wang et al. [12] , are still desirable for efficient utilization of certain coals. Gupta and Nag [11] have studied bed-to-wall heat transfer including hydrodynamic parameters such as voidage and suspension density in pressurized circulating fluidized beds (PCFB). Silica sand was used with particle size of 260 μm and superficial gas velocity ranged between 0.25 m/s and 1.25 m/s. These authors have carried out experiments mostly in the bubbling fluidized bed regime rather than the fast fluidized or pneumatic transport regimes. Li et al. [13] also investigated minimum and terminal velocity of coal gasification materials under 2.5 MPa pressure. Results show that minimum fluidization and terminal velocity decrease with pressure. The reported fundamental studies of fluidization conducted in pressurized bubbling fluidized bed reactors are given in tab. 1.
In addition to the cold flow investigation in PCFB, some notable hot flow investigations have been found in the literature. Duan et al. [14] reported that higher operating pressure improves both heat transfer and carbon conversion than for atmospheric CFB reactors. MacNeil and Basu [15] investigated char combustion rate in a 5.5 kW PCFB reactor. The results show a large effect of pressure on combustion rate. Pressurized fluidized bed systems with combined cycle have been widely used in Japan, particularly for large-scale electricity generation [16] . Hong et al. [17] have investigated the feasibility of oxy-fuel combustion in a pressurized coal reactor by different simulation packages such as Thermoflex and Aspen plus. Their results show an increase of overall net efficiency by 3% at 1.0 MPa. Previously, a parametric study of a pressurized CFB reactor has been investigated by Kalita et al. [18, 19] on the same unit. The tests have covered the hydrodynamics for blended inert particles and biomass under different weight proportions. It is important to notice that these studies were conducted with relatively higher parameters, where bed pressure increased from 0.3 to 0.5 MPa while superficial gas velocities through the unit were fixed at from 5 to 7 m/sec. Granted that a few experimental studies have been conducted on the hydrodynamics of CFB at elevated operating pressure. However, studies related to the cold flow hydrodynamics of CFB under oxy-fuel conditions at elevated pressure have not been reported in detail. Previously, Komorowski and Nowak [20] have tested the effect of air and CO 2 as the fluidization medium for glass beads under cold conditions. Their results showed that the axial solids distribution was non-uniform at low superficial velocity and gradually tended to uniform with increasing superficial gas velocity to 1.25 m/s. Guedea et al. [21] investigated the influence of O 2 /CO 2 mixtures on fluid dynamics in a bubbling fluidized bed (90 kW) at CIRCE, Spain. Experiments were conducted under ambient as well as high-temperature conditions. It was concluded that larger CO 2 concentrations cause greater bed voidage and bed expansion. The current work studies the effect of operating pressure on hydrodynamic parameters such as bed pressure drop and voidage pro-files. Furthermore, cold experiments were conducted with O 2 /CO 2 mixtures at atmospheric pressure to simulate oxy-fired CFB hydrodynamics. Hydrodynamic experiments were conducted in a small-scale CFB set-up is illustrated in fig. 1 . The CFB system consists of riser, solid separator cyclone, downcomer, and auxiliaries such as air compressor and gas cylinders. The height of the CFB riser is 2000 mm with an inner diameter (ID) of 54 mm. Pressurized air was supplied by an air compressor connected to the bottom part of the riser. Overall bubble size decreases up to 400 kPa, significant difference in bubble size for higher pressure was observed. Bubble frequency increases with excess velocity of air.
Sidorenko and Rhodes [29] Fluid catalytic cracking, sand 0.08 101-2100
No effect of pressure was observed for particles group Geldart A, while for Geldart B particle group, U mf decreases slightly. Bed voidage at U mf found independent of operating pressure.
Richtberg et al. [30] Glass beads 0.08 100-500 Homogeneous fluidization was obtained as result of bed pressure in PCFB.
Marzocchella and Salatino [31] Glass beads 0.07-0.20 100-8000
Hydrodynamics at supercritical pressure with CO 2 ambient studied. Regions of homogeneous fluidization broaden due to the density of CO 2 fluid; fluidization was smoother under aggregative conditions. At each operating pressure, three superficial gas velocities were considered in terms of non-dimensional value U gas /U t as 25, 50, and 75% of terminal velocity, U t , depending on mean particle size. Actual values of superficial gas velocity are given in tab. 2. The terminal velocities of the mean particle sizes were determined following Kunii and Levenspiel [35] . The dimensionless values of particle size, d * , and gas velocity, U * , are approximated for the direct evaluation of the terminal velocity of particles. It should be noted that the gas viscosity is dependent on temperature and does not change significantly with bed pressure. With increase of gas density in the reactor due to the increasing bed pressure, the terminal velocity is expected to decrease, leading to a change of bed pressure drop. However, fixed terminal velocity values of atmospheric pressure are used for all conditions in these experiments. Experiments also included two bed inventory weights of 0.5 and 0.75 kg. The solid re-circulation rate, G s , was measured by a transparent highpressure plastic tube in the return leg. The accumulated solids height was measured by transparent pipe. The pressure drop along the riser was measured by a water column manometer which was fabricated with 11 reading taps. A high-pressure transparent plastic tube with ID of 10 mm was connected between pressure taps and a U-type water manometer. An extra wire mesh and cotton layer were fixed in all 11 taps to prevent escape of solid particles to the water manometer. For uncertainty analysis, each experiment was repeated three times and average data of these experiments were taken as representative. Pressure drop, ∆P bed , profiles were photographed three times by digital camera with two seconds intervals in order to catch ∆P bed fluctuation. Higher pressure fluctuation was observed in the dense zone of the riser than in the dilute zone. This occurs due to the coarse particles which were trapped in the freeboard. Similar pressure fluctuations in the dense zone were reported by Czakiert et al. [36] .
Results and discussion
Hydrodynamics at atmospheric pressure
Effect of superficial gas velocity on pressure drop
Superficial gas velocity ranges in this study were in the fast fluidized bed regime. Figure 2 illustrates the effect of superficial gas velocity on bed pressure drop, ∆P bed , for smaller particle size of 160 μm at atmospheric pressure. The first two points in fig. 2 represent ∆P bed through the distributor plate. Pressure drop increases with superficial gas velocity which agrees well with the literature [37] . It is also found that the increase of superficial gas velocity affects the axial particle holdup distribution due to increasing bed expansion. From fig. 2 , it can be seen that the pressure drop along the bed remains constant for lower superficial velocities, whereas for higher gas velocity the pressure drop rises slightly along the bed height, and tends to reach a constant value. The higher pressure drop observed at the bottom of the bed may be due to the fact that the particles are being accelerated by the inlet gas velocity. The effect of solids loading on the pressure drop is also plotted in the same figure at a gas velocity of 1.1 m/s. It is also noticed that the pressure drop exponentially increases with bed height when the solid loading was increased to 0.75 kg. The exponential increase of pressure drop is more pronounced at the bottom of the bed and indicates the presence of a dense solid bed. This region is called the acceleration zone. Above this region, the pressure drop increases slightly with bed height. This suggests a fully accelerated particle flow in this region. This behavior is also consistent with the literature [38] .
Effect of superficial gas velocity on bed voidage
The effect of superficial gas velocity on bed voidage is illustrated in figs. 3(a) and  3(b) . The voidage in the bed was determined using pressure drop calculations. It can be noticed from fig. 3(a) that voidage profiles increase with superficial gas velocity (1.1-1.5 m/s). Increase of superficial gas velocity raises the solids holdup capacity which tends to increase voidage, which agrees with other studies [39] . It is also found from fig. 3 (a) that lower voidage at the bottom of the riser is observed for all gas velocities. This may be due to the fact that the bottom region of the riser is mainly affected by particle acceleration and gas distribution. Above this region, for all gas velocities, the voidage increases exponentially, approaching constant values near the riser exit. This exponential shape occurs when particles entering the bottom of the reactor are entrained by aeration [18] . It is clearly seen from fig. 3(a) that the developing flow region with low voidage occurs up to 0.2 m and a fully-developed region with relatively high voidage begins above 0.2 m. It is important to mention that the exponential shape of the axial profile varies with superficial gas velocity. It is also observed that the axial voidage profiles move in parallel from high voidage toward low voidage with decreasing gas velocity. The effect of particle size on the axial voidage profiles in the riser at lower gas velocities U 1g = 0.25 U t of 1.1, 2.1, and 2.7 m/s, respectively, is shown in fig. 3(b) . The results indicate that the increase of particle size had an obvious effect on voidage, resulting in a slight difference at the top of the riser, but significantly lower voidages at the bottom. It is also found that the voidage at the bottom of the riser is higher for the larger particle (427 μm) than for the smaller particle (160 μm). The voidage tends to distribute more at the riser bottom for the large particles in comparison to smaller particles. It has been shown that most particles are mainly found near the wall of the riser in the freeboard area [40] . Solid particles separated by the cyclone were injected into the riser with a small amount of aeration which diluted the particles near the wall. Due to the range of mean particle size distribution, the larger particles continue to remain in the dense zone at lower gas velocity, whereas the smaller particles are expected to be carried out to the top by gas velocity. 
Effect of O 2 /CO 2 mixture on bed voidage
Industrial-scale CFB reactors operate at temperatures between 800-900 °C. The dynamic viscosity and density of gases change with operating temperature and pressure, respectively. The present case uses mixtures of CO 2 and O 2 gases to study the effect of density and viscosity on the cold flow hydrodynamics in the small-scale CFB riser. Only the smallest mean particle size of 160 μm with a solids loading of 0.5 kg was tested. Figures 4(a) and 4(b) repre-sents the voidage profiles along the height of the bed for different fluidization gases including O 2 /CO 2 mixtures and air at superficial gas velocities 1.1 and 1.5 m/s (U 1g and U 3g ). It is important to mention that the dynamic viscosity of gases does not change with pressure, while the density can be evaluated following by Li et al. [13] . Comparing O 2 /CO 2 mixtures with air, the axial voidage profile shows a difference in both the dense and freeboard zones of the riser for the lower superficial gas velocity; i. e., in the case of air, the axial profile of voidage is higher than that in O 2 /CO 2 . This behavior may be due to the higher density of the O 2 /CO 2 mixture compared to air. When superficial gas velocity increased to 1.5 m/s (U 3g ), no difference in axial voidage was observed between O 2 /CO 2 mixtures and air. Identical results were reported by Komorowski and Nowak [20] . These authors observed that a low superficial gas velocity of O 2 /CO 2 mixture produced a large difference in suspension density profile compared to air, while at higher velocity, the profiles were similar. It can be concluded that in the fast fluidization regime, the axial voidage profile of O 2 /CO 2 mixture is similar to that for an air-fluidized CFB. In addition, similar heat transfer rates could be expected from identical voidage or suspension density profiles in air and O 2 /CO 2 mixture gases. However, it should be noted that, for highly exothermic reactions such as occur in coal-fired CFB combustors, good temperature control can be achieved because of the intensive mixing and circulation rate. It is also important to highlight that CO 2 has higher heating capacity compared to nitrogen. For this reason, the combustion temperature in oxy-fired furnaces is moderated by flue gas recirculation [41] . 
Effect of operating pressure on hydrodynamic properties

Effect of operating pressure on pressure drop
Pressure drop (∆P bed ) along the height of the riser was measured at different operating pressures from 0.10 to 0.25 MPa. Figure 5 illustrates pressure drop profiles along the bed riser at the lower superficial gas velocity of 2.1 m/s (U 1g ) for the particle size of 302 μm. It can be seen from the fig. 5 that operating bed pressure has a clear effect on the bed pressure drop. The total pressure drop, ∆P bed from 0.10 MPa (atmospheric pressure) to 0.25 MPa, increases from 10 cm H 2 O to 15 cm H 2 O, respectively. Small fluctuations were observed at 0.20 and 0.25 MPa in the acceleration zone due to the aeration of gas, while at the fully developed zone it increases exponentially over the bed height. As discussed by Yin et al. [42] the operating pressure conditions in the bed could lead to the decrease of superficial gas velocity in the reactor. This consequently results in a decrease of particle velocity. This means that more solid particles were found in the riser, leading to the higher pressure drop in the bed. Additionally, the effect of solids loading (0.75 kg) is also illustrated in fig. 5 at the operating pressure of 0.25 MPa, which shows higher pressure drop compared to the same case with bed inventory of 0.5 kg. This is due to the accumulation of additional bed material mass in the bed which leads to the further increase of bed pressure drop. Also it is found that the pressure drop gradually increases with the riser bed height. Similar observations were found by Richtberg et al. [30] . They observed an exponentially increasing trend at higher pressure (0.50 MPa) for bed pressure drop with glass beads. Figure 6 shows the effect of particle size of 160, 302, and 427 μm on pressure drop (∆P bed ) for the operating pressure of 0.20 MPa, at the gas superficial velocity (U 2g = 0.50 U t ) of 1.3, 2.5, and 3.3 m/s, respectively. It can be noted from fig. 6 that the increase of particle size leads to increasing bed pressure drop. This could be due to the fact that smaller particles have less drag force compared to the larger particles. Also, it is found that for all particle sizes, the pressure drop increases exponentially with riser height. The effect of gas superficial velocity on pressure drop (∆P bed ) at elevated pressure (0.20 MPa) for a particle size of 160 μm is shown in fig 7. It is found that the bed pressure increases with gas superficial velocity. This may be due to the fact that an increase in gas superficial velocity results in an increase of drag force on the particles, which leads to increasing solid particle distribution in the bed. As a result, higher bed pressure is generated for higher gas velocity at fixed operating pressure. It can also be seen from the fig. 7 that the higher superficial gas velocity results in high fluctuations of pressure drop in the dense zone of the bed. 
Effect of operating pressure on axial bed voidage
The voidage profiles of the riser are illustrated in fig. 8 for the superficial gas velocity of 2.1 m/s (U 1g ) at different bed operating pressures (0.10 to 0.25 MPa). This plot is shown for the particle size of 302 μm. It can be seen that operating pressure in the bed decreases the voidage along the riser, particularly in the acceleration zone (dense zone). This could be due to the increase of bed pressure. The pressurized state of the bed leads to the decrease of gas velocity which results in particle accumulation in the bottom zone of the bed. Similar observations were made by Yin et al. [42] . Also it can be seen that the exponential shape of the axial profile varies for different operating pressures and the developing flow region; i. e., the change from high to low voidage occurs mainly up to 0.5 m. The effect of higher solids loading (0.75 kg) is also included in fig. 8 to demonstrate its effect on the voidage profile in the riser. It can be seen from fig. 8 that at the bottom of the riser, the voidage profiles show a similar trend, whereas higher voidage is observed above the dense zone of the riser for higher solid loading. The influence of mean particle size on the axial voidage profile at superficial gas velocity of 50% (U t ) is illustrated in fig. 9 . As expected, the larger particle size develops higher voidage at the bottom dense zone of the riser than does the smaller particle. It is also found that the voidage tends to distribute more at the riser bottom for large particles while for smaller particles, voidage is more or less uniform. The effect of superficial gas velocity on axial voidage is plotted in fig. 10 , at the higher operating pressure of 0.25 MPa for particle size of 160 μm. It is found that the axial voidage profiles increase with increasing superficial gas velocity, similar to the atmospheric pressure case. This is due to the fact that the increase of superficial gas velocity causes the solids to distribute in the riser, which tends to increase the voidage in the bed. It is also found from the fig. 10 that low voidages near the bottom of the riser are observed for higher gas velocity due to particle acceleration and gas distribution. Above this region, for all gas velocities, the voidage increases exponentially, eventually approaching a constant value near the riser exit. It is important to mention from the fig. 10 These values are different from those found in the atmospheric pressure case.
Conclusions
A hydrodynamic cold flow study of silica sand was undertaken with air and O 2 /CO 2 mixtures as the fluidization medium at atmospheric pressure. Additionally, experiments were conducted with air at elevated operating pressure to investigate the pressure effect on hydrodynamic parameters. The increase of bed pressure drop (∆P bed ) along the bed height is similar for all three superficial gas velocities. The effect of superficial gas velocity and particle size on axial bed voidage profiles shows an increasing trend as expected. These observations agree with previously reported studies. In the case of O 2 /CO 2 mixtures, a notable effect of different O 2 /CO 2 proportions on axial voidage was seen at the dense zone of the riser, compared to the voidage measured when air was used. However, with further increase of superficial gas velocity from 1.1 to 1.5 m/s , these differences in axial voidage disappeared. The overall pressure drop profile increases with operating bed pressure, which agrees well with the literature. Increased solids loading appear to increase hydrodynamic parameters. Also, increase of particle size and superficial gas velocity at elevated pressure resulted to increase of bed pressure drop and axial voidage profiles, respectively.
Overall, it can be concluded that operating pressure has a significant effect on hydrodynamic parameters in the cold flow environment. It should be mentioned that even at low operating pressure as mentioned in this work (0.25 MPa), the pressure drop increased from 10 to 15 (cm H 2 O) and 22 (cm H 2 O in) at increased solids loaded case. According to previous studies of hydrodynamics as presented in tab. 2, more pronounced effect of hydrodynamic parameters could be expected with increase of operating bed pressure. In the case of cold flow hydrodynamics of O 2 /CO 2 mixtures, it should be noted that at fast fluidized bed and pneumatic transport regimes, no significant differences are noted between O 2 /CO 2 mixtures and air. Increasing interest in pressurized CFB over atmospheric CFB and change in size configuration should always lead to a detailed hydrodynamic investigation, particularly in cold flow environment. 
ID
-inner diameter CFB -circulating fluidized bed PCFB -pressurized CFB PG -pressure gauge 
